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ABSTRACT 

New a n a l y t i c a l  p r o c e d u r e s  and e x p e r i m e n t a l  
t e c h n i q u e s  a r e  b e i n g  deve loped  t o  improve  t h e  
c a p a b i l i t y  t o  d e s i g n  advanced h i g h  speed p r o -  
p e l l e r s .  Some r e s u l t s  f r o m  t h e  p r o p e l l e r  l i f t -  
i n g  l i n e  and l i f t i n g  s u r f a c e  aerodynamic  a n a l y s i s  
codes  a r e  compared w i t h  p r o p e l l e r  f o r c e  da ta ,  
p r o b e  d a t a  and new l a s e r  v e l o c i m e t e r  da ta .  I n  
g e n e r a l ,  t h e  code compar i sons  w i t h  d a t a  i n d i c a t e  
good q u a l i t a t i v e  agreement.  A new r o t a t i n g  p r o -  
p e l l e r  f o r c e  b a l a n c e  demons t ra ted  good a c c u r a c y  
and reduced  t e s t  t i m e  b y  50 p e r c e n t .  R e s u l t s  
f r o m  t h r e e  new p r o p e l l e r  f l o w  v i s u a l i z a t i o n  
t e c h n i q u e s  a r e  shown w h i c h  i l l u s t r a t e  some o f  
t h e  p h y s i c a l  phenomena o c c u r r i n g  on t h e s e  p r o -  
p e l  1 e r s .  

T h i s  paper  w i l l  p r e s e n t  some o f  t h e  l a t e s t  
p r o p e l l e r  a n a l y t i c a l  p r o c e d u r e s  and t e s t  t ech -  
n i q u e s  used i n  t h e  NASA Lew is  P r o p e l l e r  Research  
Program. The l a t e s t  p r o p e l l e r  a n a l y t i c a l  p ro -  
cedures  such as t h e  c u r v e d  l i f t i n g  l i n e  and 
E u l e r  l i f t i n g  s u r f a c e  computer  a n a l y s e s  w i l l  b e  
b r i e f l y  d i s c u s s e d  and r e s u l t s  compared w i t h  
e x p e r i m e n t a l  da ta .  Also,  t w o  new e x p e r i m e n t a l  
t o o l s ,  t h e  l a s e r  v e l o c i m e t e r  and t h e  new 
r o t a t i n g  p r o p e l l e r  f o r c e  b a l a n c e  w i l l  b e  r e -  
v iewed. And f i n a l l y ,  some p r o p e  l e r  f l o w  
v i s u a l i z a t i o n  t e c h n i q u e s  such as f l u o r e s c e n t  
m i n i - t u f t s ,  chemica l  s u b l i m a t i o n  and t h e  p a i n t  
f l o w  t e c h n i q u e  w i l l  b e  d i s c u s s e d  

ADVANCED TURBOPROP POTENTIAL 

VERY H I G H  PROPULSIVE e f f i c i e n c i e s  f o r  a i r c r a f t  
t h a t  o p e r a t e  a t  s u b s o n i c  speeds can  b e  a c h i e v e d  
w i t h  t h e  f r e e  a i r  p r o p e l l e r .  T h i s  p o t e n t i a l l y  
h i g h  p r o p u l s i v e  e f f i c i e n c y  c o u p l e d  w i t h  t h e  
concern  t o  r e d u c e  d i r e c t  o p e r a t i n g  c o s t  t h r o u g h  
reduced  f u e l  usage has  l e d  t o  a renewed i n t e r e s t  
i n  t u r b o p r o p  p r o p u l s i o n  f o r  h i g h  speed subson ic  
a i r c r a f t .  

B o t h  in -house and c o n t r a c t o r  s t u d i e s  i n d i c a -  
t e d  t h a t  t h e r e  i s  a l a r g e  pe r fo rmance  advantage 
a t  c r u i s e  speeds up t o  Mach 0.8 f o r  advanced 
h igh-speed t u r b o p r o p  powered a i r c r a f t  compared 
t o  e q u i v a l e n t  t e c h n o l o g y  h i g h  bypass r a t i o  t u r -  
bo fans .  These advantages  c o u l d  r e s u l t  i n  l a r g e  
b l o c k  f u e l  s a v i n g s ,  r e d u c e d  l i f e  c y c l e  c o s t s ,  
improved range ,  o r  o t h e r  b e n e f i t s  f o r  b o t h  
f u t u r e  c i v i l  and m i l i t a r y  a i r c r a f t .  To i nves -  
t i g a t e  t h e s e  advantages ,  a h igh -speed  P r o p e l l e r  
Research  Program was e s t a b l i s h e d  a t  t h e  NASA 
Lew is  Research C e n t e r  i n  1976. Over t h e  p a s t  
s i x  y e a r s ,  a number o f  advanced h igh-speed and 
low-speed p r o p e l l e r  mode ls  have been t e s t e d .  
R e s u l t s  f r o m  t h e s e  t e s t s  h a v e  shown t h a t  h i g h  
p r o p e l l e r  e f f i c i e n c i e s  can  b e  o b t a i n e d  a t  c r u i s e  
speeds up  t o  a t  l e a s t  Mach 0.8. 
c a n t  r e d u c t i o n s  i n  p r o p e l l e r  n o i s e  have been 
demons t ra ted  a t  c r u i s e  c o n d i t i o n s .  

A l s o ,  s i g n i f i -  

The a t t r a c t i v e n e s s  o f  advanced t u r b o p r o p  
p r o p u l s i o n  r e s u l t s  f r o m  i t s  p o t e n t i a l  f o r  v e r y  
h i g h  p r o p u l s i v e  e f f i c i e n c y  a t  c r u i s e  speeds up  
t o  Mach 0.8. A compar ison  o f  t h e  i n s t a l l e d  
c r u i s e  e f f i c i e n c y  o f  t u rboprop -powered  and t u r -  
bofan-powered p r o p u l s i v e  systems i s  shown i n  
F i g u r e  1 o v e r  a r a n g e  o f  c r u i s e  speeds. The 
e f f i c i e n c i e s  shown i n  t h e  f i g u r e  i n c l u d e  t h e  
i n s t a l l a t i o n  l o s s e s  f o r  b o t h  systems; namely,  
n a c e l l e  d r a g  f o r  t h e  t u r b o p r o p  systems, and 
cowl  d r a g  and i n t e r n a l  a i r f l o w  l o s s e s  f o r  t h e  
t u r b o f a n  systems. C o n v e n t i o n a l  g e n e r a l  a v i a t i o n  
t u r b o p r o p s  have  i n s t a l l e d  e f f i c i e n c y  l e v e l s  n e a r  
80 p e r c e n t  up  t o  about  Mach 0.5 b u t  can  s u f f e r  
f r o m  r a p i d  dec reases  i n  e f f i c i e n c y  above t h i s  
speed due t o  i n c r e a s i n g  p r o p e l l e r  c o m p r e s s i b i l -  
i t y  l o s s e s .  These l o s s e s  a r e  p r i m a r i l y  t h e  
r e s u l t  o f  r e l a t i v e l y  t h i c k  b l a d e s  ( 5  t o  7 p e r -  
c e n t  a t  7 5  p e r c e n t  r a d i u s )  used  on many p r o p u l -  
s i o n  systems o p e r a t i n g  a t  h i g h  h e l i c a l  t i p  Mach 
numbers. 

p o t e n t i a l  t o  d e l a y  t h e s e  c o m p r e s s i b i l i t y  l o s s e s  
t o  a much h i g h e r  c r u i s e  speed and a c h i e v e  a 
r e l a t i v e l y  h i g h  pe r fo rmance  t o  a t  l e a s t  Mach 
0.8 c r u i s e .  
f a n s  e x h i b i t  t h e i r  h i g h e s t  e f f i c i e n c y  a t  c r u i s e  
speeds n e a r  Mach 0.8, t h e i r  pe r fo rmance  wou ld  

The advanced h igh-speed t u r b o p r o p  has t h e  

A l t h o u g h  h i g h  bypass  r a t i o  t u r b o -  
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s t i l l  b e  s i g n i f i c a n t l y  be low t h a t  o f  t h e  ad- 
vanced t u r b o p r o p s .  A t  Mach 0.8 t h e  i n s t a l l e d  
e f f i c i e n c y  o f  t u r b o f a n  sys tems wou ld  b e  approx-  
i m a t e l y  6 5  p e r c e n t  compared t o  abou t  7 5  p e r c e n t  
f o r  t h e  advanced t u r b o p r o p .  A t  l o w e r  c r u i s e  
speeds, t h e  e f f i c i e n c y  advantage o f  t h e  advanced 
t u r b o p r o p  wou ld  b e  even l a r g e r .  

b o t h  4ASA and i n d u s t r y  t o  e v a l u a t e  t h e  p o t e n t i a l  
o f  advanced h igh -speed  t u r b o p r o p  p r o p u l s i o n  f o r  
b o t h  c i v i l  and m i l i t a r y  a p p l i c a t i o n s .  Numerous 
r e f e r e n c e s  t o  s p e c i f i c  s t u d i e s  and summary r e -  
s u l t s  a r e  l i s t e d  i n  Reference 1. The t r i p  f u e l  
s a v i n g s  shown i n  F i g u r e  2 as a f u n c t i o n  o f  
o p e r a t i n g  r a n g e  i s  a summary o f  t h e s e  s t u d i e s .  
I n s t a l l e d  e f f i c i e n c y  l e v e l s  s i m i l a r  t o  t h o s e  
snown i n  F i g u r e  1 f o r  comparab le  t e c h n o l o g y  
advanced t u r b o p r o p s  and t u r b o f a n s  were  used i n  
most  o f  t h e s e  s t u d i e s .  As shown i n  F i g u r e  2, 
t r i p  f u e l  s a v i n g s  i s  dependent  on a i r c r a f t  
c r u i s e  speed and range.  A t  t h e  b o t t o m  o f  t h e  
band, a s s o c i a t e d  w i th  Mach 0.8 c r u i s e ,  f u e l  
s a v i n g s  range  f r o m  abou t  1 5  t o  2 5  p e r c e n t  f o r  
advanced t u r b o p r o p  a i r c r a f t  compared t o  e q u i v -  
a l e n t  t e c h n o l o g y  t u r b o f a n  a i r c r a f t .  
f u e l  s a v i n g s  o c c u r  a t  t h e  s h o r t e r  o p e r a t i n g  
ranges  where t h e  m i s s i o n  i s  c l i m b  and descen t  
dominated .  Because o f  t h e  l o w e r  o p e r a t i n g  
speeds encoun te red  d u r i n g  c l i m b  and descen t ,  
t u r b o p r o p s  have an even l a r g e r  pe r fo rmance  ad- 
van tage  t h a n  t h e  advantage a t  Mach 0.8 c r u i s e  
c o n d i t i o n s .  I n  a s i m i l a r  manner, a l a r g e r  f u e l  
s a v i n g s  i s  p o s s i b l e  a t  Mach 0.7 c r u i s e  ( r e p r e -  
s e n t e d  b y  t h e  t o p  o f  t h e  band i n  F i g .  2 ) .  A t  
t h i s  l o w e r  c r u i s e  speed, f u e l  s a v i n g s  r a n g e  
f r o m  abou t  2 5  t o  n e a r  3 5  p e r c e n t .  Even l a r g e r  
f u e l  s a v i n g s  may b e  p o s s i b l e  b y  r e c o v e r i n g  t h e  
p r o p e l l e r  s w i r l  l o s s  f r o m  t h e s e  s i n g l e  r o t a t i o n  
t u r b o p r o p s .  C o u n t e r r o t a t i o n  i s  one p r o m i s i n g  
concep t  f o r  r e c o v e r i n g  s w i r l  l o s s  t h a t  i s  cu r -  
r e n t l y  under  s t u d y  a t  NASA and i n  t h e  i n d u s t r y .  

ADVANCED DESIGN CONCEPTS AND ANALYTICAL 
PROCEDURES 

A number o f  s t u d i e s  have been conduc ted  b y  

The l a r g e r  

To a c h i e v e  t h e s e  p o s s i b l e  f u e l  sav ings ,  t h e  
p r o p e l l e r  on t h e  advanced t u r b o p r o p  wou ld  have  
t o  i n c o r p o r a t e  a number o f  u n i q u e  d e s i g n  f e a -  
t u r e s  t h a t  wou ld  enhance p r o p e l  1 e r  pe r fo rmance  
and l o w e r  sou rce  n o i s e .  F o r  example, a p r o -  
p e l l e r  des igned  f o r  a c r u i s e  Mach number o f  
0.80 a t  an a l t i t u d e  above 9.144 km (30,000 ft.), 
wou ld  have l o c a l  b l a d e  Mach numbers f r o m  j u s t  
o v e r  0.8 a t  t h e  b l a d e  hub t o  s u p e r s o n i c  Mach 
numbers ( n e a r  1.15) a t  t h e  b l a d e  t i p .  Thus, 
t h e  concep ts  shown i n  F i g u r e  3 a r e  r e q u i r e d  t o  
r e d u c e  b l a d e  c o m p r e s s i b i l i t y  l o s s e s  and a t t a i n  
h i g h  e f f i c i e n c y .  These c o n c e p t s  i n c l u d e  p r o p e r  
s h a p i n g  o f  t h e  n a c e l l e  t o  r e d u c e  i n b o a r d  b l a d e  
Mach number, b l a d e  sweep t o  r e d u c e  o u t b o a r d  
b l a d e  l o c a l  Mach number, t h i n n e r  b l a d e s  t o  r e -  
duce d r a g  r i s e  Mach number and s p i n n e r  a r e a  
r u l i n g  t o  p r e v e n t  i n -boa rd  b l a d e  chok ing .  I n  
a d d i t i o n ,  t o  h o l d  p r o p e l l e r  d i a m e t e r  t o  a r e a -  
s o n a b l e  v a l u e ,  a h i g h  power ( o r  d i s k )  l o a d i n g  
and c o n c o m i t a n t l y  a l a r g e  number o f  b l a d e s  

( 8  o r  10) a r e  r e q u i r e d .  The i n b o a r d  p o r t i o n  o f  
t h e  p r o p e l l e r  t h e n  o p e r a t e s  as a cascade r a t h e r  
t h a n  i s o l a t e d  b l a d e s .  

a t t e n d a n t  m ixed  s u b s o n i c  and s u p e r s o n i c  f l o w s  
p r e s e n t  a c o m p l i c a t e d  p r o p e l l e r  d e s i g n  p r o b l e m  
t h a t  i s  beyond t h e  scope o f  t r a d i t i o n a l  p r o p e l l e r  
a n a l y t i c a l  p rocedures .  T h e r e f o r e ,  advanced 
aerodynamic a n a l y s i s  methods f o r  p r e d i c t i n g  
h igh-speed p r o p e l l e r  pe r fo rmance  a r e  b e i n g  de- 
v e l o p e d  as a p a r t  o f  t h e  NASA P r o p e l l e r  Research  
Program ( 2 - 4 ) .  
range  f rom s i m p l e  s h o r t  r u n n i n g  l i f t i n g  l i n e  
programs such as t h e  e x i s t i n g  s t r i p  a n a l y s i s  
based upon G o l d s t e i n ' s  work ( 5 )  t o  v e r y  complex  
l o n g  r u n n i n g  programs such as t h e  f i n i t e  d i f f e r -  
ence l i f t i n g  s u r f a c e  a n a l y s i s  t h a t  s o l v e s  t h e  
f i v e  E u l e r  e q u a t i o n s  ( 3 ,  6 ) .  

The e x i s t i n g  G o l d s t e i n  t y p e  s t r i p  a n a l y s i s  
assumes t h e  v o r t e x  wake i s  composed o f  a r i g i d  
h e l i c a l  v o r t e x  sheet ,  c o r r e s p o n d i n g  t o  t h e  
op t imum span-wise l o a d i n g  o f  a l i g h t l y  l o a d e d  
p r o p e l l e r .  The p r o p e l l e r  i s  r e s t r i c t e d  t o  
h a v i n g  s t r a i g h t  b l a d e s  and t h e r e  i s  no p r o v i s i o n  
f o r  a n a c e l l e  s i n c e  t h e  v o r t e x  wake ex tends  t o  
t h e  a x i s .  S imp le  m o d i f i c a t i o n s  have  been made 
t o  e x i s t i n g  ana lyses  i n  an a t t e m p t  t o  c i r c u m v e n t  
t h e s e  r e s t r i c t i o n s .  F o r  example,  t h e  s i m p l e  
c o s i n e  r u l e  i s  used t o  accoun t  f o r  b l a d e  sweep 
and a r a d i a l  g r a d i e n t  o f  a x i a l  v e l o c i t y  i s  used 
t o  accoun t  f o r  t h e  e f f e c t  o f  t h e  n a c e l l e .  

t h e  c u r v e d  l i f t i n g  l i n e  p rog ram ( 7 )  and t h e  
p r o p e l l e r  n a c e l l e  i n t e r a c t i o n  program (8)  i n -  
c l u d e  a swept l i f t i n g  l i n e  c a p a b i l i t y ,  and t o  
v a r y i n g  degrees ,  t h e  a b i l i t y  t o  accoun t  f o r  t h e  
p resence  o f  t h e  n a c e l l e  i n  t h e  a n a l y s i s .  

The c u r v e d  l i f t i n g  l i n e  a n a l y s i s  r e p r e s e n t s  
t h e  wake b y  a f i n i t e  number o f  h e l i c a l  v o r t e x  
f i l a m e n t s  i n s t e a d  o f  t h e  c o n t i n u o u s  s h e e t  o f  
v o r t i c i t y  used b y  G o l d s t e i n .  
a c o n s t a n t  p i t c h  b u t  i t s  l o c a t i o n  r e l a t i v e  t o  
t h e  o t h e r  f i l a m e n t s  i s  a r b i t r a r y .  The s t r e n g t h s  
o f  t h e  i n d i v i d u a l  wake f i l a m e n t s  a r e  r e l a t e d  t o  
t h e  spanwise  v a r i a t i o n s  o f  t h e  bound v o r t e x  
s t r e n g t h .  S i n c e  b o t h  o f  t h e s e  a r e  unknown, t h e  
b l a d e  and wake v o r t e x  s t r e n g t h s  a r e  s o l v e d  
s i m u l t a n e o u s l y .  T h i s  s o l u t i o n  i s  made p o s s i b l e  
b y  p l a c i n g  t h e  bound v o r t e x  a l o n g  t h e  q u a r t e r  
c h o r d  l i n e  and r e q u i r i n g  t h e  f l o w  t o  be  t a n g e n t  
t o  t h e  b l a d e  mean camber l i n e  a l o n g  t h e  t h r e e -  
q u a r t e r  c h o r d  l i n e .  W i th  t h e s e  c o n d i t i o n s ,  t h e  
b l a d e  and wake v o r t e x  s t r e n g t h s  can b e  computed. 
The l i f t  c o e f f i c i e n t  o f  t h e  b l a d e  a t  any  r a d i a l  
l o c a t i o n  i s  t h e n  d e t e r m i n e d  f r o m  t h e  bound 
v o r t e x  s t r e n g t h  a t  t h e  same r a d i u s .  Drag i s  
p r o v i d e d  b y  c o r r e l a t e d  two-d imens iona l  a i r f o i l  
da ta .  The t o t a l  i nduced  v e l o c i t y  a t  any p o i n t  
i n  t h e  f l o w  f i e l d  i s  o b t a i n e d  b y  summing t h e  
i nduced  f l o w  o f  t h e  bound v o r t e x  and t h e  t r a i l -  
i n g  v o r t e x  system. 

T h i s  a n a l y s i s  i s  c u r r e n t l y  r e s t r i c t e d  t o  
s i n g l e  r o t a t i o n  p r o p e l l e r s .  The b l a d e s  a r e  
r e p r e s e n t e d  b y  c u r v e d  l i f t i n g  l i n e s  w h i c h  can 
have any  a r b i t r a r y  shape. The n a c e l l e  shape i s  
r e s t r i c t e d  t o  an i n f i n i t e  c y l i n d e r  because t h e  

The above d e s i g n  concep ts  a l o n g  w i t h  t h e  

The a n a l y s i s  methods ( F i g .  4 )  

More r e c e n t  l i f t i n g  l i n e  ana lyses ,  such as 

Each f i l a m e n t  has 
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wake r i g i d  h e l i c a l  f i l a m e n t s  canno t  c o n t r a c t  i n  
t h e  r a d i a l  d i r e c t i o n .  
p r o p e l l e r  i n f l o w  v e l o c i t y  due t o  n a c e l l e  c u r v a -  
t u r e  can  be  p r e s c r i b e d  and t a k e n  i n t o  accoun t  
i n  t h e  a n a l y s i s .  

The p r o p e l l e r  n a c e l l e  i n t e r a c t i o n  a n a l y s i s  
(8) a l s o  r e p r e s e n t s  t h e  wake b y  a f i n i t e  number 
o f  v o r t e x  f i l a m e n t s .  
a l l o w s  t h e  v o r t e x  f i l a m e n t s  t o  b e  p l a c e d  a l o n g  
s t r e a m  s u r f a c e s  so  t h a t  t h e y  c o n f o r m  t o  t h e  
shape o f  an a x i s y m m e t r i c  n a c e l l e .  T h i s  i s  
accomp l i shed  i n  t h e  a n a l y s i s  b y  t h e  c a l c u l a t i o n  
o f  t h e  i n v i s c i d  f l o w  around t h e  n a c e l l e  a lone ,  
w h i c h  l o c a t e s  t h e  wake v o r t e x  f i l a m e n t s  a round  
t h e  n a c e l l e  and de te rm ines  t h e  r a d i a l  v a r i a t i o n  
o f  t h e  i n f l o w  v e l o c i t y  a t  t h e  p r o p e l l e r .  The 
induced  v e l o c i t y  i s  d e t e r m i n e d  b y  summing t h e  
i nduced  f l o w  f r o m  t h e  i n d i v i d u a l  f i l a m e n t s  and 
t h e  swept l i f t i n g  l i n e .  The l o c a l  b l a d e  l i f t  
and d r a g  a r e  d e t e r m i n e d  f r o m  two-d imens iona l  
a i r f o i l  and cascade d a t a  c o n t a i n e d  i n  t h e  
p rog ram and t h e  c a l c u l a t e d  l o c a l  b l a d e  a n g l e  o f  
a t t a c k .  An o p t i o n a l  s t e p  i n  t h e  a n a l y s i s  a l l o w s  
t h e  c a i c u l a t e d  b l a d e  f o r c e s  t o  b e  used i n  a 
r, i rcui i l  f e r  en t i a 1 1 y ave r  aged ( ax i symme t r i c ) v i s- 
( o u s  c o m p r e s s i b l e  f l o w  c a l c u l a t i o n  t o  d e t e r m i n e  
i n t e r b l a d e  and o f f - b o d y  v e l o c i t i e s .  T h i s  
c a l c u l a t i o n  can i n d i c a t e  whe the r  t h e  v e l o c i t i e s  
a r e  h i g h  enough t o  r e s u l t  i n  l a r g e  shock wave 
losses ,  and can d e t e r m i n e  t h e  d r a g  o f  t h e  
n a c e l l e  i n  t h e  presence o f  t h e  p r o p e l l e r .  The 
wake model i n  t h i s  a n a l y s i s  can  b e  a p p l i e d  t o  
b o t h  s i n g l e  and c o a x i a l  c o u n t e r - r o t a t i o n  p r o -  
p e l l e r s .  The p r o p e l l e r s  can have  b l a d e s  o f  any  
a r b i t r a r y  shape and t h e  n a c e l l e  can  b e  any  
dx i sy rnmet r i c  geometry.  

L i f t i n g  s u r f a c e  a n a l y s e s  t h a t  can  s o l v e  t h e  
c o m p l e t e  th ree -d imens iona l  f l o w  f i e l d  a r e  a l s o  
under  deve lopment .  These a n a l y s e s  r e q u i r e  t h e  
g e n e r a t i o n  o f  a complex g r i d  sys tem wh ich  con- 
f o r m s  t o  t h e  shape o f  t h e  n a c e l l e  and p r o p e l l e r .  
The n a c e l l e  shape i s  r e q u i r e d  t o  b e  a x i s y m m e t r i c  
so  t h a t  t h e  f l o w  between each two  a d j a c e n t  
b l a d e s  i s  t h e  same, (r7d i t  i s  o n l y  n e c e s s a r y  t o  
s o l v e  f o r  t h e  f l o w  tr.cween two  b lades .  Beyond 
t.he t i p s  and ups t ream and downstream o f  t h e  
b l a d e s ,  t h e  f l o w  i s  assumed t o  b e  p e r i o d i c .  On 
a l l  s o l i d  s u r f a c e s  t h e  f l o w  i s  r e q u i r e d  t o  b e  
t a n g e n t  t o  t h e  s u r f a c e .  

deve lopment  s o l v e s  t h e  s i n g l e  f u l l  t r a n s o n i c  
p o t e n t i a l  e q u a t i o n  ( 4 ) .  I t  r e q u i r e s  t h e  wake 
l o c a t i o n  t o  be  d e f i n e d  and does n o t  accoun t  f o r  
shock t o t a l  p r e s s u r e  v a r i a t i o n  a l t h o u g h  i t  i n -  
d i c a t e s  t h e  shock l o c a t i o n .  A n o t h e r  l i f t i n g  
s u r f a c e  t e c h n i q u e  i s  t h e  E u l e r  a n a l y s i s  (3 ,  6 ) .  
The e q u a t i o n s  used i n  t h e  E u l e r  a n a l y s i s  a r e  
t h e  f i v e  uns teady  t h r e e - d i m e n s i o n a l  E u l e r  equa- 
t i o n s .  These gove rn  t h e  i n v i s c i d  f l o w  o f  a 
c o m p r e s s i b l e  f l u i d  and can a c c u r a t e l y  r e p r e s e n t  
t h e  t o t a l  p r e s s u r e  v a r i a t i o n  caused b y  shock 
waves avd t h e  work done b y  t h e  p r o p e l l e r .  T h i s  
a n a l y s i s  r e q u i r e s  no  wake m o d e l i n g  and no two- 
d i m e n s i o n a l  a i r f o i l  da ta .  T h i s  code has  a s i g -  
n i f i c a n t l y  l o n g e r  r u n n i n g  t i m e  t h a n  t h e  t r a n -  
s o n i c  p o t e n t i a l  a n a l y s i s .  Bo th  o f  t h e  l i f t i n g  
s u r f a c e  ana lyses  w i l l  b e  a b l e  t o  p r e d i c t  de- 

The r a d i a l l y  v a r y i n g  

However, t h i s  a n a l y s i s  

One l i f t i n g  s u r f a c e  a n a l y s i s  t h a t  i s  under  

t a i l e d  p r e s s u r e  d i s t r i b u t i o n s  on b o t h  s i d e s  o f  
t h e  p r o p e l l e r  b l a d e  as we11 as t h e  f l o w  c o n d i -  
t i o n s  i n  any p o r t i o n  o f  t h e  o f f - b o d y  f l o w  f i e l d .  
Such d e t a i l e d  th ree -d imens iona l  r e s u l t s  w i l l  b e  
i m p o r t a n t  t o o l s  f o r  i m p r o v i n g  t h e  aerodynamic,  
a c o u s t i c  and s t r u c t u r a l  pe r fo rmance  o f  p r o p e l -  
l e r s  t h r o u g h  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  com- 
p l i c a t e d  f l o w  p rocesses  o f  advanced h igh-speed 
p r o p e l l e r s .  

EXPERIMENTAL DATA COMPARISONS WITH ANALYTICAL 
PROCEDURES 

A l t h o u g h  t h e s e  l i f t i n g  l i n e  and l i f t i n g  
s u r f a c e  programs a r e  s t i l l  under  deve lopment ,  
some compar isons  o f  t h e i r  r e s u l t s  w i t h  w i n d  
t u n n e l  e x p e r i m e n t a l  d a t a  o b t a i n e d  w i t h  a l a s e r  
v e l o c i m e t e r  (LV),  a r o t a t i n g  f o r c e / t o r q u e  b a l -  
an$e and a f l o w  s u r v e y  p r o b e  on an 8 -b ladedY 
45 swept p r o p e l l e r  (SR-3) w i l l  b e  made h e r e i n  
( s e e  a l s o  Re f .  9 ) .  These compar isons  a r e  in- 
tended  t o  i n d i c a t e  t h e  c u r r e n t  s t a t u s  i n  t h e  
deve lopment  o f  t h e  programs.  

The f i r s t  a n a l y t i c a l l e x p e r i m e n t a l  d a t a  com- 
p a r i s o n s  w i l l  be  made w i t h  w i n d  t u n n e l  e x p e r i -  
men ta l  d a t a  o b t a i n e d  u s i n g  t h e  new l a s e r  v e l o c -  
i m e t e r  ( L V )  system. The l a s e r  v e l o c i m e t e r  
sys tem was deve loped  t o  o b t a i n  n o n - i n t r u s i v e  
measurements o f  d e t a i l e d  v e l o c i t i e s  ahead o f ,  i n  
between, and b e h i n d  p r o p e l l e r  b l a d e s  (10-12). 
The l a s e r  sys tem i s  shown i n  F i g u r e  5 i n s t a l l e d  
i n  t h e  NASA Lew is  8- b y  6 - f o o t  w i n d  t u n n e l .  The 
SR-3 p r o p e l l e r ,  s p i n n e r ,  and n a c e l l e  can a l s o  b e  
seen i n  t h i s  f i g u r e .  

T h i s  l a s e r  v e l o c i m e t e r  sys tem uses  a l s w a t t  
a rgon  i o n  l a s e r  wh ich  i s  o p e r a t e d  a t  abou t  113 
power. The sys tem uses  a f o u r  beam o n - a x i s  
b a c k s c a t t e r  o p t i c  system. The measur ing  vo lume 
i s  moved a x i a l l y  and v e r t i c a l l y  w i t h i n  t h e  w i n d  
t u n n e l  b y  t r a v e r s i n g  t h e  e n t i r e  l a s e r  sys tem 
and i s  moved h o r i z o n t a l l y  b y  u s i n g  a zoom l e n s  
assembly.  The movement o f  t h e  measur ing  vo lume 
i s  r e m o t e l y  computer  c o n t r o l l e d .  The f l o w  
w i t h i n  t h e  t u n n e l  i s  a r t i f i c i a l l y  seeded w i t h  
d i o c t y l  p h t h a l a t e  (DOP). The f o u r  beam l a s e r  
v e l o c i m e t e r  i s  c a p a b l e  o f  measur ing  two  v e l o c i t y  
components s i m u l t a n e o u s l y .  The f o u r  beams were  
s e t  u p  such t h a t  t h e  p l a n e s  d e f i n e d  b y  t h e  two 
beams o f  each c o l o r  were e s s e n t i a l l y  o r t h o g o n a l  
t o  each o t h e r  and a t  n o m i n a l l y  45 t o  t h e  h o r i -  
z o n t a l  p l a n e  o f  t h e  w i n d  t u n n e l .  The a x i a l  and 
t a n g e n t i a l  components o f  v e l o c i t y  were  o b t a i n e d  
b y  mak ing  a measurement i n  t h e  h o r i z o n t a l  p l a n e  
wh ich  passes  t h r o u g h  t h e  p r o p e l l e r  r o t a t i o n a l  
a x i s .  The a x i a l  and r a d i a l  components o f  ve- 
l o c i t y  were  s i m i l a r l y  o b t a i n e d  b y  mak ing  meas- 
u rements  i n  t h e  v e r t i c a l  p l a n e  w h i c h  passes 
t h r o u g h  t h e  r o t a t i o n a l  a x i s .  

v e l o c i t y  d a t a  i s  compared w i t h  r e s u l t s  f r o m  t h e  
c u r v e d  l i f t i n g  l i n e  a n a l y s i s .  The compar i sons  
shown a r e  f o r  t h e  8 -b ladedY 45" swept (SR-3) 
p r o p e l l e r  (shown i n  F i g .  5 )  o p e r a t i n g  a t  a tun -  
n e l  Mach number o f  0.8, a d e s i g n  advance r a t i o  
o f  3.06, a c o r r e c t e d  t i p  r o t a t i o n a l  speed 
( V t / &  ) o f  280 m/sec (917  f t / s e c ) ,  a h e l i c a l  
t i p  Mach number o f  1.15, a power c o e f f i c i e n t  o f  

I n  F i g u r e s  6 and 7, t h e  l a s e r  v e l o c i m e t e r  
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1.8, and a b lade  a n g l e e s e t t i n g  a t  t h e  th ree -  
f o u r t h s  r a d i u s  o f  60.5 . 

A c o l o r  computer g raph ic  techn ique  s i m i l a r  
t o  References 13  and 14 has been u t i l i z e d  t o  
e v a l u a t e  and compare t h e  measurements and p re -  
d i c t i o n s  of t h e  h i g h l y  three-d imensional  e x i t  
f l o w  f rom t h e  p r o p e l l e r .  A t  an a x i a l  s t a t i o n  
j u s t  beh ind  t h e  p r o p e l l e r ,  l a s e r  ve loc ime te r  
(LV)  c i r c u m f e r e n t i a l  surveys were taken a t  1 7  
r a d i a l  p o s i t i o n s  l o c a t e d  from 59 t o  122 pe rcen t  
o f  t h e  b lade  span. 
generate t h e  computer g raph ic  p r e s e n t a t i o n s  o f  
F i g u r e  6. A t  each r a d i a l  p o s i t i o n ,  t h e  d a t a  
over  t h e  complete $ i rcumference f o r  t h e  8 b lades 
was f o l d e d  t o  a 4 5  segment t o  p r o v i d e  d a t a  i n  
a s i n g l e  e q u i v a l e n t  b lade  passage. 
f e r e n t i a l  d a t a  was averaged t o  p r o v i d e  30 c i r -  
c umf e r  en t i a 1 v a1 u es w i t h i n t h i s "eq u i v a1 en t I' 
b lade  passage. The e n t i r e  a r r a y  o f  exper imenta l  
data a t  1 7  r a d i a l  p o s i t i o n s  b y  30 c i rcumferen-  
t i a l  p o s i t i o n s  was i n t e r p o l a t e d  t o  p r o v i d e  da ta  
a t  i n t e r m e d i a t e  p o s i t i o n s ,  color-coded and d i s -  
p layed  on a c o l o r  r a s t e r  d i s p l a y .  The r e s u l t s  
were photographed t o  p r o v i d e  t h e  r e s u l t s  shown 
i n  t h e  f i g u r e .  
processed i n  an i d e n t i c a l  manner. V e l o c i t i e s  
were p r e d i c t e d  f o r  t h e  same 1 7  b y  30 a r r a y  o f  
s p a t i a l  p o s i t i o n s ,  computer i n t e r p o l a t e d  and 
g r a p h i c a l l y  d i sp layed .  

F i g u r e  6 p resen ts  t h e  a x i a l  v e l o c i t y  f i e l d  
i n  t h e  abso lu te  r e f e r e n c e  frame seen by  a s t a -  
t i o n a r y  observer .  The b lade  r o t a t i o n  i n  t h e  
f i g u r e  i s  i n  t h e  coun te rc lockw ise  d i r e c t i o n  
when viewed f rom behind t h e  p r o p e l l e r  l o o k i n g  
forward.  The a x i a l  v e l o c i t y  measured by  t h e  
l a s e r  ve loc ime te r  c l e a r l y  show t h e  t h i c k  b lade  
wakes and t h e  t i p  v o r t e x .  The l i g h t  g ray  r e g i o n  
ad jacen t  t o  t h e  b lade  wakes i s  t h e  h i g h  v e l o c i t y  
f rom t h e  s u c t i o n  su r face .  The maximum s u c t i o n  
s u r f a c e  v e l o c i t y  occurs a t  about 0.9 o f  t h e  t i p  
r a d i u s .  
data w i t h  t h e  r e s u l t s  f rom t h e  curved l i f t i n g  
l i n e  a n a l y s i s ,  t h e  v i scous  b lade  wakes must be 
i gno red  s i n c e  t h e y  a r e  n o t  i n c l u d e d  i n  t h e  
a n a l y s i s .  The comparison a l s o  shows t h e  anal -  
y s i s  has a s t r o n g e r  p r e d i c t e d  t i p  v o r t e x  because 
o f  t h e  mathemat ica l  s i n g u l a r i t y  p resen t  i n  t h e  
a n a l y s i s  a t  t h e  t i p .  The genera l  cha rac te r  o f  
t h e  f l o w  f i e l d  as measured i s  s t r i k i n g l y  s i m i l a r  
t o  t h e  f l o w  f i e l d  p r e d i c t e d  by  t h e  curved l i f t -  
i n g  l i n e  a n a l y s i s .  Some f l o w  d i s tu rbances  a re  
noted beyond t h e  b lade  t i p .  
f l u c t u a t i o n s  may p resen t  a p o t e n t i a l  n o i s e  
source. I n  genera l ,  t h e  curved l i f t i n g  l i n e  
a n a l y s i s  shows good q u a l i t a t i v e  agreement w i t h  
t h e  e x p e r i m e n t a l l y  measured LV data.  

I n  F i g u r e  7, t h e  r e s u l t a n t  v e l o c i t y  f i e l d s  
( i . e . ,  t h e  v e c t o r  sum o f  t h e  a x i a l  and tangen- 
t i a l  v e l o c i t i e s )  between t h e  b lades a t  a r a d i u s  
r a t i o  o f  0.79 a re  shown f o r  t h e  LV da ta  and t h e  
curved 1 i f t i n g  1 i n e  a n a l y t i c a l  r e s u l t s .  The 
f l o w  d i r e c t i o n  i s  from l e f t  t o  r i g h t  and t h e  
b lade  r o t a t i o n  f rom t o p  t o  bottom. A s h o r t  
p o r t i o n  o f  t h e  f l ow  ahead o f  t h e  b lade  i s  shown 
i n  a d d i t i o n  t o  t h e  f l o w  w i t h i n  t h e  b lades and 
s l i g h t l y  downstream o f  t h e  b lades.  
shown i s  f o r  a x i a l  d i s tances  o f  x/R = 0.32 t o  

These da ta  were used t o  

The circum- 

The a n a l y t i c a l  r e s u l t s  were 

I n  making t h e  comparison o f  t h e  LV 

These v e l o c i t y  

The d a t a  

x/R = 0.94. The b lade  extends f rom x/R = 0.53 
t o  x/R = 0.82. The r e s u l t s  have been f o l d e d  t o  
an i n c l u d e d  angu la r  d isp lacement  o f  45'. F o r  
p r e s e n t a t i o n  purposes, t h e  fo lded  r e s u l t s  have 
been repeated t w i c e  i n  t h e  f i g u r e  t o  show two 
b lade  passages. 

The LV p i c t u r e  shows a r a p i d  a c c e l e r a t i o n  
on t h e  s u c t i o n  s i d e  o f  t h e  b lade.  Other numeric 
LV da ta  n o t  presented i n d i c a t e  a shock wave j u s t  
downstream o f  t h e  h i g h  v e l o c i t y  reg ion .  
data i n d i c a t e  t h a t  t h e  shock, however, does n o t  
extend comp le te l y  across t h e  b lade  passage. 
The curved l i f t i n g  l i n e  a n a l y s i s  does n o t  i n -  
c l u d e  p r o v i s i o n  f o r  shocks a l though  t h e  a n a l y s i s  
does i n d i c a t e  c o r r e c t l y  t h e  r a p i d  a c c e l e r a t i o n  
on t h e  s u c t i o n  surface. The LV da ta  i n d i c a t e s  
m i l d  a c c e l e r a t i o n s  upstream o f  t h e  b lades.  
e f f e c t  a l s o  appears i n  t h e  a n a l y s i s ;  however, 
t h e  v e l o c i t y  g r a d i e n t s  appear t o  be l a r g e r  
i n  t h e  ana lys i s .  The l a r g e r  g r a d i e n t s  i n  t h e  
a n a l y s i s  r e s u l t s  a re  due t o  t h e  c o n c e n t r a t i o n  
o f  t h e  l o a d  a t  t h e  q u a r t e r  cho rd  o f  t h e  b lade,  
whereas i n  r e a l i t y ,  t h e  l o a d  i s  d i s t r i b u t e d  
a long t h e  chord. The genera l  c h a r a c t e r  o f  t h e  
v e l o c i t y  f i e l d ,  however, show q u a l i t a t i v e  
agreement between t h e  curved l i f t i n g  l i n e  p re -  
d i c t i o n s  and t h e  measured LV r e s u l t s .  

The SR-3 p r o p e l l e r  t e s t  r e s u l t s  ob ta ined  
w i t h  t h e  o r i g i n a l  r o t a t i n g  balance i n s t a l l e d  i n  
t h e  p r o p e l l e r  t e s t  r i g  and a f l ow  survey probe 
a r e  compared i n  F i g u r e  8 w i t h  t h e  curved l i f t i n g  
l i n e  and t h e  p r o p e l l e r / n a c e l l e  l i f t i n g  l i n e  
a n a l y t i c a l  codes. Fo r  c o n s i s t e n c y  o f  comparison 
w i t h  exper imen ta l  r e s u l t s ,  t h e  a n a l y t i c a l  re -  
s u l t s  account f o r  t h e  change i n  b lade  t w i s t  
r e s u l t i n g  f rom c e n t r i f u g a l  f o r c e s  generated b y  
b lade  r o t a t i o n .  These da ta  a r e  presented over  
a range o f  advance r a t i o s  f o r  a f ree -s t ream 
Mach number o f  0.8. I n  t h e  power c o e f f i c i e n t  
curve, b o t h  a n a l y t i c a l  methods o v e r p r e d i c t  t h e  
power c o e f f i c i e n t  a l t hough  t h e  curved l i f t i n g  
l i n e  a n a l y s i s  more a c c u r a t e l y  p r e d i c t s  t h e  
l e v e l .  Both methods d e v i a t e  f u r t h e r  f rom t h e  
data a t  b o t h  h i g h  and low advance . r a t i o s  and 
a r e  most accu ra te  i n  t h e  mid-range. The assumed 
v a r i a t i o n  o f  t w i s t  change wi th  r o t a t i o n a l  speed 
a f f e c t s  t h e  shape o f  t h e  power c o e f f i c i e n t  
curve. The assumed v a r i a t i o n  o f  t w i s t  w i t h  
r o t a t i o n a l  speed squared may be r e s p o n s i b l e  f o r  
some o f  t h e  d iscrepancy i n  t h e  p r e d i c t e d  and 
measured power c o e f f i c i e n t  r e s u l t s .  For  t h e  
e f f i c i e n c y  curves,  t h e  curved l i f t i n g  l i n e  
a n a l y s i s  adequate ly  agrees w i t h  t h e  da ta  w h i l e  
t h e  p r o p e l l e r  n a c e l l e  i n t e r a c t i o n  a n a l y s i s  con- 
s i d e r a b l y  u n d e r p r e d i c t s  t h e  e f f i c i e n c y  a t  low 
advance r a t i o s  and c o n s i d e r a b l y  o v e r p r e d i c t s  
t h e  e f f i c i e n c y  a t  h i g h  advance r a t i o s .  
d i f f e r e n c e s  between t h e  r e s u l t s  f rom t h e  two 
methods appear t o  be p r i m a r i l y  due t o  t h e  d i f -  
f e r e n t  approaches used f o r  o b t a i n i n g  l i f t .  

Comparisons f o r  r a d i a l  d i s t r i b u t i o n  o f  
l o a d i n g  a r e  shown i n  F i g u r e  8 ( b )  f o r  t h e  SR-3 
p r o p e l l e r  a t  a free-stream Mach number o f  0.8 
and an advance r a t i o  of 3.06. 
n a c e l l e  i n t e r a c t i o n  a n a l y s i s  a c c u r a t e l y  p r e d i c t s  
t h e  l o a d i n g  d i s t r i b u t i o n  over  most o f  t h e  b lade,  
d e v i a t i n g  a p p r e c i a b l y  o n l y  i n  t h e  o u t e r  20 per- 
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c e n t  o f  t h e  b lade .  The c u r v e d  l i f t i n g  l i n e  
a n a l y s i s  o v e r p r e d i c t s  t h e  l o a d i n g  i n b o a r d  and 
u n d e r p r e d i c t s  ou tboard ,  b o t h  b y  a p p r e c i a b l e  
amounts. S i n c e  t h e  e x p e r i m e n t a l  r a d i a l  l o a d i n g  
d i s t r i b u t i o n  was o b t a i n e d  f r o m  a p r o b e  l o c a t e d  
downstream o f  t h e  p r o p e l l e r ,  any  b l a d e  wake 
r o l l u p  wou ld  cause t h e  measured l o a d i n g  d i s t r i -  
b u t i o n  i n  t h e  wake t o  b e  d i f f e r e n t  f r o m  t h e  
a c t u a l  l o a d i n g  d i s t r i b u t i o n  on t h e  b l a d e .  A l s o ,  
changes i n  t h e  f l o w  s t r e a m l i n e s  f r o m  t h e  p r o -  
p e l l e r  t o  t h e  probe,  caused b y  changes i n  t h e  
n a c e l l e  d i a m e t e r ,  wou ld  cause t h e  l o a d i n g  d i s -  
t r i b u t i o n s  t o  be  somewhat d i f f e r e n t  a t  t h e  two 
a x i a l  l o c a t i o n s .  Because o f  t h e s e  u n c e r t a i n t i e s  
i n  t h e  da ta ,  i t  i s  n o t  p o s s i b l e  t o  c o n c l u d e  
wh ich  method more a c c u r a t e l y  p r e d i c t s  t h e  l oad -  
i n g  d i s t r i b u t i o n .  

men ta l  r e s u l t s  r e c e n t l y  o b t a i n e d  w i t h  t h e  E u l e r  
l i f t i n g  s u r f a c e  a n a l y s i s  can  b e  seen i n  F i g u r e s  
9 t h r o u g h  13 .  

number on t h e  s u r f a c e  o f  t h e  SR-3 p r o p e l l e r  
b l a d e s  and be tween t h e  b l a d e s  a r e  shown f o r  t h e  
SR-3 p r o p e l l e r  a t  a f r e e  s t ream Mach number o f  
0.8, an  advance r a t i o  o f  3.06, and a b l a d e  a n g l e  
o f  61.3 degrees .  The l e v e l  o f  Mach numbers on 
t h e  s u c t i o n  s i d e  o f  t h e  b l a d e  n e a r  t h e  n a c e l l e  
s u r f a c e  a t  abou t  t h e  t w o - t h i r d s  c h o r d  i n d i c a t e s  
t h e  p resence  o f  a shock wave a t  t h a t  l o c a t i o n .  
On t h e  p r e s s u r e  s i d e  o f  t h e  b lade ,  a shock wave 
i s  a l s o  i n d i c a t e d  a t  abou t  t h e  same l o c a t i o n .  
The m i d d l e  p o r t i o n  o f  t h e  f i g u r e  shows t h e  c a l -  
c u l a t e d  Mach numbers be tween t h e  b l a d e  passages 
n e a r  t h e  hub and a t  82 p e r c e n t  o f  t h e  b l a d e  
span. Near t h e  hub, t h e  shock wave i s  s t r o n g  
and spans t h e  e n t i r e  passage. 
b l a d e  span l o c a t i o n ,  t h e  shock wave emina tes  
f rom t h e  s u c t i o n  s u r f a c e  n e a r  t h e  t r a i l i n g  edge 
b u t  becomes v e r y  weak n e a r  t h e  p r e s s u r e  s u r f a c e .  

The r e s u l t s  shown i n  F i g u r e  9 a r e  i n  good 
q u a l i t a t i v e  agreement w i t h  l a s e r  v e l o c i m e t e r  
measurements p r e s e n t e d  i n  Re fe rence  12. One 
s i g n i f i c a n t  d i f f e r e n c e  i s  t h e  l o c a t i o n  o f  t h e  
shock wave. I n  t h e  computed r e s u l t s ,  t h e  shock 
wave o r i g i n a t e s  c l o s e r  t o  t h e  t r a i l i n g  edge o f  
t h e  b l a d e  on t h e  s u c t i o n  s u r f a c e  whereas t h e  
d a t a  o f  R e f e r e n c e  12 i n d i c a t e s  a shock wave 
l o c a t i o n  somewhat ups t ream o f  t h e  t r a i l i n g  edge. 
T h i s  b e h a v i o r  i s  c o n s i s t e n t  w i t h  shock wave 
boundary  l a y e r  i n t e r a c t i o n s  i n  o t h e r  t y p e s  o f  
f l o w  f i e l d s  i n  wh ich  v i s c o u s  e f f e c t s  cause t h e  
a c t u a l  shock wave l o c a t i o n  t o  b e  u p s t r e a m  o f  
t h e  l o c a t i o n  p r e d i c t e d  b y  i n v i s c i d  a n a l y s e s .  

i n  F i g u r e s  10-13 w i t h  e x p e r i m e n t a l l y  measured 
p r o p e l l e r  wake s w i r l  ang les  and power c o e f f i -  
c i e n t s  a t  t h e  f r e e  s t r e a m  Mach numbers o f  0.6 
and 0.8. I n  F i g u r e  10, f o r  a f r e e  s t r e a m  Mach 
number o f  0.6, t h e  E u l e r  a n a l y s i s  v a l u e s  o f  
s w i r l  a n g l e  downstream o f  t h e  p r o p e l l e r  a r e  
compared w i t h  e x p e r i m e n t a l l y  measured v a l u e s  o f  
s w i r l  a n g l e  o b t a i n e d  d u r i n g  t h e  w i n d  t u n n e l  
t e s t s  d e s c r i b e d  i n  R e f e r e n c e  15 .  These v a l u e s  
were  measured w i t h  an i n s t r u m e n t e d  wedge mounted 
on a t r a n s l a t i n g  probe.  Bo th  t h e  computed and 
measured v a l u e s  c o r r e s p o n d  t o  an a x i a l  l o c a t i o n  

A compar ison  o f  t h e  a n a l y t i c a l  and e x p e r i -  

I n  F i g u r e  9, t h e  p r e d i c t e d  r e l a t i v e  Mach 
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0.21 p r o p e l l e r  d i a m e t e r s  downstream o f  t h e  p i t c h  
change a x i s .  A l t h o u g h  t h e  l e v e l  o f  t h e  p r e -  
d i c t e d  r e s u l t s  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  
e x p e r i m e n t a l  r e s u l t s ,  t h e  r a d i a l  v a r i a t i o n  o f  
s w i r l  i s  i n  r e a s o n a b l e  agreement be tween t h e  
two  s e t s  o f  r e s u l t s  when an e s t i m a t e  o f  v i s c o u s  
e f f e c t s  i s  i n c l u d e d  i n  t h e  compar ison u s i n g  t h e  
compressor  me thodo logy  o f  Re fe rence  16 .  
r a d i u s  r a t i o  r / R  = 0.52 wh ich  co r responds  t o  a 
s o l i d i t y  ( c h o r d / g a p )  o f  1.0, t h e  d e v i a t i o n  a n g l e  
was d e t e r m i n e d  t o  b e  3.15 degrees. T h i s  c o r -  
responds  t o  a r e d u c t i o n  o f  t h e  s w i r l  a n g l e  t o  a 
v a l u e  o f  5.8 degrees  f r o m  t h e  o r i g i n a l l y  p r e -  
d i c t e d  8.9 degrees .  The unusua l  b e h a v i o r  o f  
t h e  d a t a  n e a r  r / R  = 1.0 i s  a p p a r e n t l y  caused b y  
t h e  t i p  v o r t e x  r o l l u p .  The a n a l y s i s  has n o t  
p r e d i c t e d  t h i s  f e a t u r e  o f  t h e  f l o w  because t h e  
mesh i s  t o o  c o a r s e  i n  t h i s  r e g i o n .  

A compar ison o f  t h e  E u l e r  computed and 
measured p r o p e l l e r  power c o e f f i c i e n t  i s  shown 
i n  F i g u r e  11. E x p e r i m e n t a l  r e s u l t s  a r e  t a k e n  
f r o m  Re fe rence  15. The power c o e f r i c i e n r  i s  
c o n s i d e r a b l y  o v e r p r e d i c t e d .  S ince  power c o e f f i -  
c i e n t  i s  c l o s e l y  r e l a t e d  t o  s w i r l  ang le ,  t h e  
o v e r p r e d i c t i o n  o f  power c o e f f i c i e n t  i s  c o n s i s -  
t e n t  w i t h  t h e  o v e r p r e d i c t i o n  o f  s w i r l  a n g l e  
shown i n  F i g u r e  10. I t  appears  t h a t  a t  l o w e r  
f r e e  s t r e a m  Mach numbers, t h e  o v e r p r e d i c t i o n  o f  
power c o e f f i c i e n t  a t  t h i s  Mach number i s  due t o  
n e g l e c t i n g  v i s c o u s  e f f e c t s  i n  t h e  a n a l y s i s  and 
t h a t  boundary  l a y e r  g rowth  on t h e  b l a d e  s u r f a c e  
causes a r e d u c t i o n  i n  s w i r l  ang le  downst ream o f  
t h e  p r o p e l l e r .  

s t r e a m  o f  t h e  p r o p e l l e r  a t  a f r e e  s t r e a m  Mach 
number o f  0.8 a r e  shown i n  F i g u r e  12. Numer i ca l  
r e s u l t s  f o r  s w i r l  a n g l e  a r e  h i g h e r  t h a n  t h o s e  
measured i n  t h e  w i n d  t u n n e l  ( 1 5 )  and a r e  s i m i l a r  
t o  t h e  r e s u l t s  a t  a Mach number o f  0 .6  ( F i g .  10). 
The s w i r l  a n g l e  o v e r p r e d i c t i o n  i s  a p p r o x i m a t e l y  
equa l  t o  f o u r  degrees  whereas a t  a f r e e  s t r e a m  
Mach number o f  0.6 t h e  d i s c r e p a n c y  i s  abou t  
t h r e e  degrees .  T h i s  d i f f e r e n c e  i m p l i e s  t h a t  a t  
f r e e  s t r e a m  Mach number o f  0.8, a mechanism i n  
a d d i t i o n  t o  boundary  l a y e r  g rowth  i s  c a u s i n g  
dec reased  f l o w  t u r n i n g .  T h i s  mechanism c o u l d  
b e  due t o  t h e  p resence  o f  t h e  p r e v i o u s l y -  
d i s c u s s e d  shock wave l o c a t e d  j u s t  u p s t r e a m  o f  
t h e  b l a d e  t r a i l i n g  edge. 
l a y e r  i n t e r a c t i o n  r e s u l t i n g  f r o m  t h i s  shock 
l o c a t i o n  wou ld  r e s u l t  i n  r e d u c e d  b l a d e  l o a d i n g  
and cause  r e d u c e d  s w i r l  r e l a t i v e  t o  a t r a i l i n g  
edge shock wave l o c a t i o n .  
l e a s t  p a r t i a l l y  e x p l a i n  t h e  l a r g e r  o v e r p r e d i c -  
t i o n  o f  s w i r l  a n g l e  shown i n  F i g u r e  12. The 
compressor  me thodo logy  o f  Reference 1 6  c a n n o t  
b e  used t o  e s t i m a t e  v i s c o u s  l o s s e s  a t  t h i s  con- 
d i t i o n .  T h i s  me thodo logy  i s  based on l o w  speed 
cascade d a t a  and t h e  p resence  o f  shock waves i n  
t h e  f l o w  f i e l d  c l e a r l y  makes i t  n o t  a p p l i c a b l e .  
The r a d i a l  v a r i a t i o n  o f  s w i r l  a n g l e  ag rees  
r e a s o n a b l y  w e l l  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  
The r e g i o n  w i t h  t h e  l a r g e s t  d i s c r e p a n c y  i s  a g a i n  
t h e  t i p  r e g i o n  where t h e  c o a r s e  mesh c a n n o t  
r e s o l v e  t h e  d e t a i l s  o f  t h e  f l o w  a s s o c i a t e d  w i t h  
t h e  t i p  v o r t e x .  

A t  a 
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A summary o f  p r o p e l l e r  power c o e f f i c i e n t  
f o r  t h e  SR-3 p r o p e l l e r  a t  f r e e  s t r e a m  Mach num- 
b e r  o f  0.8 i s  shown i n  F i g u r e  13. The SR-3 
p r o p e l l e r  was des igned  f o r  a c r u i s e  c o n d i t i o n  
a t  a f r e e  s t r e a m  Mach number of  0.8, advance 
r a t i o  o f  3.06 and a power c o e f f i c i e n t  o f  1 .7 .  
The power c o e f f i c i e n t  i s  shown f o r  t h r e e  b l a d e  
a n g l e  s e t t i n g s .  A l t h o u g h  t h e  power c o e f f i c i e n t  
i s  a g a i n  o v e r p r e d i c t e d ,  t h e  v a r i a t i o n  o f  power  
c o e f f i c i e n t  w i t h  b l a d e  a n g l e  i s  p r e d i c t e d  q u i t e  
w e l l .  The o v e r p r e d i c t i o n  o f  power c o e f f i c i e n t  
i s  c o n s i s t e n t  w i t h  t h e  o v e r p r e d i c t i o n  o f  s w i r l  
a n g l e  shown i n  F i g u r e  12 and wou ld  improve  i f  
shock wave boundary  l a y e r  i n t e r a c t i o n  and v i s -  
cous e f f e c t s  were  i n c l u d e d  i n  t h e  a n a l y s i s .  

NEW R 0 TA T IN G PR 0 PE L L E R BA LA N CE 

A c c u r a t e  p r o p e l l e r  pe r fo rmance  t e s t i n g  i s  a 
d i f f i c u l t  t a s k  wh ich  r e q u i r e s  s p e c i a l  t e s t  
equ ipment .  As an example, f a n  pe r fo rmance  f o r  
a t u r b o f a n  e n g i n e  can b e  measured a c c u r a t e l y  
u s i n g  c o n v e n t i o n a l  f l o w  s u r v e y  t e c h n i q u e s  be- 
cause o f  t h e  l a r g e  50 t o  70 p e r c e n t  p r e s s u r e  
r i s e  a c r o s s  i t .  Advanced p r o p e l l e r s ,  however,  
have o n l y  abou t  a 5 p e r c e n t  p r e s s u r e  r i s e ,  so  
s o p h i s t i c a t e d  f o r c e  b a l a n c e s  a r e  r e q u i r e d  t o  
a c c u r a t e l y  measure t h e  pe r fo rmance .  T h i s  sec- 
t i o n  summarizes t h e  deve lopment  o f  an a c c u r a t e  
r o t a t i n g  f o r c e  b a l a n c e  f o r  measurement o f  b o t h  
t h r u s t  and t o r q u e  on p r o p e l l e r  mode ls .  

The r o t a t i n g  b a l a n c e  i s  l o c a t e d  i n  t h e  NASA 
L e w i s  746 Kw (1000 h p )  P r o p e l l e r  T e s t  R i g  (PTR) 
as shown i n  F i g u r e  14. T h i s  PTR can  b e  i n -  
s t a l l e d  i n  t h e  Lew is  8- b y  6-, 10- b y  lo- ,  o r  
9- b y  15-foot w i n d  t u n n e l s  t o  i n v e s t i g a t e  a 
r a n g e  o f  t e s t  speeds f r o m  Mach 0 t o  0.85. Power 
f o r  t h i s  t e s t  r i g  i s  p r o v i d e d  b y  an a i r  t u r b i n e  
w h i c h  i s  1 5  cm (5 .9  i n )  i n  d i a m e t e r  and a on 

t h e  s u p p o r t  s t r u t .  

t h e r m a l  d r i f t  and  r o t a t i o n a l  i n t e r a c t i o n  p rob -  
lems wh ich  r e q u i r e d  s p e c i a l  t e s t  p r o c e d u r e s  and 
e x t r a  t e s t s  t o  o b t a i n  a c c u r a t e  da ta .  Because 
o f  t h e s e  prob lems,  i t  was n e c e s s a r y  t o  conduc t  
two d i f f e r e n t  w i n d  t u n n e l  t e s t s  t o  measure p ro -  
p e l l e r  pe r fo rmance .  An i n i t i a l  t e s t  was con- 
d u c t e d  u s i n g  t h e  s t r u t  l o a d  c e l l  ( F i g .  1 4 )  t o  
e s t a b l i s h  a w i n d m i l l  d r a g  l e v e l .  Then a second 
t e s t  was conduc ted  t o  measure t h e  i n c r e m e n t a l  
t h r u s t  f r o m  w i n d m i l l  t o  a powered c o n d i t i o n  and 
back t o  w i n d m i l l .  The o r i g i n a l  r o t a t i n g  b a l a n c e  
was used t o  o b t a i n  t h i s  i n c r e m e n t a l  t h r u s t  o v e r  
a v e r y  s h o r t  p e r i o d  o f  t i m e  where t h e r m a l  d r i f t  
e r r o r s  wou ld  b e  i n s i g n i f i c a n t .  T h i s  s p e c i a l  
t e s t  p r o c e d u r e  i s  d e s c r i b e d  i n  more d e t a i l  i n  
Re fe rence  1 5 .  To e l i m i n a t e  t h e  l o n g  t e s t  t i m e s  
and t h e  p rob lems  w i t h  t h e  o r i g i n a l  r o t a t i n g  
ba lance ,  a new r o t a t i n g  b a l a n c e  was des igned  
and b u i l t  t h r o u g h  a Lew is  c o n t r a c t e d  program 
w i t h  Shaker Research  C o r p o r a t i o n .  The c a l i b r a -  
t i o n  and i n i t i a l  w i n d  t u n n e l  t e s t i n g  was pe r -  
f o rmed  by  NASA Lewis  p e r s o n n e l  i n  t h e  Lew is  
10- b y  1 0 - f o o t  w i n d  t u n n e l  a t  speeds t o  Mach 
0.35. 

t i n  ous f l o w  a i r  sys tem s u p p l y i n g  3.1 x 10 t -  
N / M  !! (450 p s i )  a i r  wh ich  i s  r o u t e d  t h r o u g h  

The o r i g i n a l  r o t a t i n g  f o r c e  b a l a n c e  had  

Some o f  t h e  k e y  f e a t u r e s  i n  t h e  new r o t a t i n g  
b a l a n c e  can  b e  seen i n  t h e  c r o s s - s e c t i o n a l  v i e w  
o f  t h e  b a l a n c e  i n  F i g u r e  1 5 .  The d a r k  s e c t i o n s  
i n  t h e  f i g u r e  r e p r e s e n t s  t h e  r o t a t i n g  p a r t  o f  
t h e  b a l a n c e .  To m i n i m i z e  any  t h e r m a l  d r i f t  
p rob lems w i t h  t h e  new ba lance ,  i t  was des igned  
w i t h  w a t e r  c o o l i n g  passages t o  c a r r y  away t h e  
h e a t  g e n e r a t e d  b y  t h e  b e a r i n g s .  I n  a d d i t i o n ,  
t h e  ma in  h e a t  g e n e r a t i n g  t h r u s t  b e a r i n g  was 
l o c a t e d  a t  t h e  r e a r  o f  t h e  b a l a n c e  i n  o r d e r  t o  
b e  as f a r  away as p o s s i b l e  f r o m  t h e  t h r u s t  and 
t o r q u e  sensors  wh ich  were  l o c a t e d  a t  t h e  f r o n t  
o f  t h e  ba lance .  To m i n i m i z e  any  r o t a t i o n a l  
i n t e r a c t i o n  prob lems,  t h e  t h r u s t  and t o r q u e  
s t r a i n  gauges were  mounted on two  rows o f  f o u r  
r a d i a l  spokes. 
can  b e  seen i n  t h i s  f i g u r e .  A pho tog raph  o f  
t h e  t h r u s t  and t o r q u e  r a d i a l  spokes can  b e  seen 
i n  F i g u r e  16.  

E x t e n s i v e  s t a t i c  and s p i n  c a l i b r a t i o n s  were  
pe r fo rmed  i n  t h e  10- b y  1 0 - f o o t  w ind  t u n n e l  t o  
d e t e r m i n e  t h e  b a l a n c e  c o n s t a n t s  and t o  under -  
s t a n d  t h e  b e h a v i o r  o f  t h e  new ba lance .  
g raph o f  t h e  s t a t i c  t o r q u e  c a l i b r a t i o n  r i g  i s  
shown i n  F i g u r e  17 .  

Some t y p i c a l  p r o p e l l e r  t e s t  d a t a  a c q u i r e d  
w i t h  t h e  new r o t a t i n g  b a l a n c e  i s  p r e s e n t e d  i n  
F i g u r e  1 8 .  T h i s  d a t a  shows t h e  p r o p e l l e r  power 
c o e f f i c i e n t  and n e t  e f f i c i e n c y  ve rsus  advance 
r a t i o  a t  t h e  t a k e o f f  Mach number o f  0.2 f o r  t h e  
SR-2, 8 -b l  aded, unswept p r o p e l  1 e r  ( 1  7 ) .  The 
square  symbols s i g n i f y  d a t a  a c q u i r e d  w i t h  t h e  
o r i g i n a l  b a l a n c e  sys tem w h i l e  t h e  c i r c l e s  r e p -  
r e s e n t  d a t a  a c q u i r e d  w i t h  t h e  new r o t a t i n g  
ba lance .  
(Cp = 1.0, J = 0.875),  b o t h  ba lances  measure 
e s s e n t i a l l y  t h e  same power c o e f f i c i e n t .  
t h e  new r o t a t i n g  ba lance ,  a s l i g h t l y  l o w e r  n e t  
e f f i c i e n c y  o f  50.5 was o b t a i n e d  compared t o  51 
p e r c e n t  f o r  t h e  o r i g i n a l  b a l a n c e  sys tem a t  t h i s  
d e s i g n  advance r a t i o .  S i m i l a r  f a v o r a b l e  agree-  
ment e x i s t e d  up  t o  an advance r a t i o  n e a r  1.5. 
A t  h i g h e r  advance r a t i o s  above 1.5, however,  a 
d i s c r e p a n c y  i n  n e t  e f f i c i e n c y  e x i s t s  be tween 
t h e  t w o  f o r c e  measurement systems. T h i s  d i s -  
c repancy  n e a r  peak p r o p e l l e r  e f f i c i e n c y  i s  i n  
t h e  r e g i o n  where v e r y  s m a l l  f o r c e s  a r e  measured 
and p r o p e l l e r s  do  n o t  n o r m a l l y  o p e r a t e  d u r i n g  
l o w  speed t a k e - o f f  and c.l imb. A l so ,  t h e  peak 
e f f i c i e n c y  o f  91.3 p e r c e n t  measured w i t h  t h e  
o r i g i n a l  b a l a n c e  sys tem appears  t o  b e  t o o  h i g h  
when compared t o  a n a l y t i c a l  p r e d i c t i o n s .  I n  
g e n e r a l ,  t h e  good agreement between t h e  two  
b a l a n c e  sys tems o v e r  t h e  o p e r a t i n g  r a n g e  o f  
i n t e r e s t  g i v e s  c r e d i b i l i t y  t o  t h e  new r o t a t i n g  
b a l a n c e  s i n c e  t h e  o r i g i n a l  f o r c e  measurement 
sys tem had ( i n  Ref .  1 5 ,  Append ix  A) p r e v i o u s l y  
been shown t o  be  i n  good agreement w i t h  d a t a  
t a k e n  w i t h  a n o t h e r  p r o p e l l e r  t e s t  r i g  i n  t h e  
U n i t e d  T e c h n o l o g i e s  Research  Cen te r  (UTRC) w i n d  
t u n n e l .  

I n  summary, w i n d  t u n n e l  t e s t s  on t h e  SR-2 
t w o - f o o t  p r o p e l l e r  model a t  t a k e - o f f  and c l i m b  
c o n d i t i o n  have demons t ra ted  t h a t  t h e  new p r o -  
p e l l e r  r o t a t i n g  b a l a n c e  a c c u r a t e l y  measured t h e  
p r o p e l l e r ' s  t h r u s t  and t o r q u e .  A l s o ,  t h e  new 
b a l a n c e  c u t  t h e  p r o p e l l e r  t e s t  t i m e  i n  a b o u t  

Two f r o n t  and two  r e a r  spokes  

A pho to -  

Near t h e  t a k e o f f  d e s i g n  c o n d i t i o n  

With 
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h a l f  because i t  e l i m i n a t e d  t h e  need f o r  two  
s e p a r a t e  w i n d  t u n n e l  t e s t s  as was r e q u i r e d  w i t h  
t h e  o r i g i n a l  f o r c e  measurement system. T h i s  
l a r g e  s a v i n g s  i n  t e s t  t i m e  s h o u l d  r e s u l t  i n  
s i g n i f i c a n t  c o s t  s a v i n g s  t o  NASA f o r  a l l  f u t u r e  
p r o p e l l e r  t e s t s .  

FLUORESCENT MINI-TUFT TECHNIQUE 

The f l u o r e s c e n t  m i n i - t u f t  t e c h n i q u e  i s  a 
f l o w  v i s u a l i z a t i o n  method t h a t  can  b e  used t o  
u n d e r s t a n d  t h e  s u r f a c e  f l o w  f i e l d  on o p e r a t i n g  
p r o p e l l e r  b l a d e s  and l o c a t e  p o t e n t i a l  s t a l l e d  
r e g i o n s .  T h i s  t e c h n i q u e  (18-20) i s  an e x t e n s i o n  
o f  t h e  c l a s s i c  t u f t  f l o w  v i s u a l i z a t i o n  method 
t o  p r o p e l l e r  t e s t i n g .  

I n  t h e  f l u o r e s c e n t  m i n i - t u f t  t e c h n i q u e ,  
v e r y  t i n y  (e.g., d i a m e t e r s  o f  0.0005 t o  0.002 
i n c h )  n y l o n - t u f t s  a r e  g l u e d  t o  t h e  p r o p e l l e r  
b l a d e  s u r f a c e .  The t u f t s  a r e  made v i s i b l e  b y  
u s i n g  a s p e c i a l  h i g h  power f l u o r e s c e n t  s t r o b o -  
scope. The t u f t  m o t i o n  i s  t h e n  r e c o r d e d  on  
v i d e o  t a p e  and 35mm pho tog raphs  u s i n g  a s p e c i a l  
p h o t o g r a p h i c  sys tem.  

The e x t r e m e l y  s m a l l  t u f t s  a r e  used t o  m i n i -  
m ize  t h e  c e n t r i f u g a l  f o r c e s  a c t i n g  on t h e  t u f t s  
so t h a t  t h e  aerodynamic  f o r c e s  can  have more 
i n f l u e n c e  on t h e  t u f t s .  The r e a s o n  t h a t  t h e  
c e n t r i f u g a l  f o r c e  d i m i n i s h e s  f a s t e r  t h a n  aero- 
dynamic f o r c e  as t h e  t u f t  d i a m e t e r  i s  decreased 
i s  t h a t  t h e  c e n t r i f u g a l  f o r c e  depends on t h e  
mass o f  t h e  t u f t  wh ich  i s  p r o p o r t i o n a l  t o  t h e  
t u f t  c r o s s - s e c t i o n a l  a r e a  o r  d i a m e t e r  squared.  
On t h e  o t h e r  hand, t h e  aerodynamic  f o r c e  i s  
p r o p o r t i o n a l  t o  t h e  t u f t  p r o j e c t e d  f r o n t a l  a r e a  
( i . e . ,  t u f t  d i a m e t e r  t i m e s  t h e  t u f t  l e n g t h  p e r -  
p e n d i c u l a r  t o  t h e  f l o w ) .  
d i a m e t e r  causes c e n t r i f u g a l  f o r c e s  t o  d i m i n i s h  
f a s t e r  t h a n  aerodynamic  f o r c e s  and t h u s  a1 l o w s  
t h e  t u f t  t o  r e s p o n d  more t o  aerodynamic  f o r c e s .  
The s m a l l  t u f t  d i a m e t e r  a l s o  m i n i m i z e s  t h e  
aerodynamic  d r a g  wh ich  h e l p s  t o  make t h i s  method 
a more  n o n - i n t r u s i v e  f l o w  v i s u a l i z a t i o n  method. 

The t i n y  s i z e  o f  t h e  t u f t s ,  however,  c r e a t e s  
t h e  p r o b l e m  o f  s e e i n g  and r e c o r d i n g  them. T h i s  
p r o b l e m  i s  overcome b y  mak ing  t h e  t u f t s  appear 
l a r g e r  t h a n  t h e y  a c t u a l l y  a r e  b y  u s i n g  f l u o r e s -  
c e n t  pho tog raphy .  A s p e c i a l  u l t r a v i o l e t  s t r o -  
boscope f i r e s  a b u r s t  o f  u l t r a v i o l e t  ene rgy  i n  
one m i l l i o n t h  o f  a second. The u l t r a v i o l e t  
e n e r g y  causes  t h e  t u f t s  t o  f l u o r e s c e  w h i l e  t h e  
r a p i d  p u l s e  s t o p s  t h e  m o t i o n  o f  t h e  p r o p e l l e r  
w h i c h  may b e  r o t a t i n g  a t  speeds up  t o  9000 RPM 
i n  t h e  p r o p e l l e r  t e s t  r i g .  The f l u o r e s c i n g  
t u f t s  e m i t  v i s i b l e  l i g h t  wh ich  makes t h e  t u f t s  
appear  10 t o  20 t i m e s  l a r g e r  t h a n  t h e y  a c t u a l l y  
a re .  A 35mm camera w i t h  a f i l t e r  t h a t  o n l y  
a l l o w s  v i s i b l e  l i g h t  t o  pass i n t o  t h e  camera, 
r e c o r d s  t h e  image o f  t h e  e n l a r g e d  t u f t s .  

e l e c t r o n i c  a n g l e  encoder  a l o n g  w i t h  a v i d e o  
camera and s t r o b o s c o p e  i s  used t o  p o s i t i o n  t h e  
p r o p e l l e r  b l a d e  t o  any d e s i r e d  p o s i t i o n  w i t h  
0 .1  degrees  so  t h a t  t h e  d e s i r e d  35mm p i c t u r e  i s  
o b t a i n e d .  F u r t h e r  d e t a i l s  o f  t h e  e l e c t r o n i c  
equ ipment  can b e  f o u n d  i n  Re fe rence  21 .  

Thus a s m a l l e r  t u f t  

I n  c o n j u n c t i o n  w i t h  t h e  above equipment,  an 

A f l u o r e s c e n t  m i n i - t u f t  p i c t u r e  o f  t h e  SR-6, 
10-bladed, 40 degree  swept p r o p e l l e r  i s  shown 
i n  F i g u r e  19. The p r o p e l l e r  i s  i n  t h e  NASA 
Lewis  10- b y  1 0 - f o o t  w i n d  t u n n e l  o p e r a t i n g  a t  a 
c o n d i t i o n  n e a r  c l i m b  ( i . e . ,  Mach number o f  0.35, 
r o t a t i o n a l  speed o f  5100 RPM, and a b l a d e  a n g l e  
o f  57 degrees ) .  
i n d i c a t e  t h a t  t h e  l o c a l  b l a d e  f l o w  i s  w e l l  
behaved and t h a t  t h e r e  i s  no  s i g n i f i c a n t  sepa- 
r a t e d  f l o w  r e g i o n s  a t  t h i s  c o n d i t i o n .  

F i g u r e  1 9  i l l u s t r a t e s  t h e  t y p e  o f  f l o w  
v i s u a l i z a t i o n  r e s u l t s  t h a t  can  b e  a c h i e v e d  on  
r o t a t i n g  p r o p e l l e r  b lades .  
have a p p l i c a t i o n  t o  o t h e r  r o t a t i n g  ha rdware  
such as h e l i c o p t e r  b l a d e s  o r  t u r b o m a c h i n e r y .  
The t e c h n i q u e  can s u r v e y  t h e  f l o w  f i e l d  w h i l e  
o t h e r  t e s t s  a r e  b e i n g  conduc ted  w i t h  m i n i m a l  
i n t e r f e r e n c e  t o  t h e  f l o w .  

The f l u o r e s c e n t  m i n i - t u f t s  

The method may a l s o  

PROPELLER BOUNDARY LAYER TRANS ITION LOCATION 
U S I N G  SUBLIMATING CHEMICALS 

I n  w i n d  t u n n e l  t e s t i n g ,  i n c o r r e c t  boundary  
l a y e r  t r a n s i t i o n  l o c a t i o n s  can r e s u l t  i n  un- 
r e a l i s t i c  aerodynamic p r e d i c t i o n s  when t h e  w ind  
t u n n e l  d a t a  i s  a p p l i e d  t o  a f l i g h t  v e h i c l e .  
T h e r e f o r e ,  a s u b l i m a t i n g  chemica l  f l o w  v i s u a l -  
i z a t i o n  t e c h n i q u e  t h a t  has been used success-  
f u l l y  w i t h  f i x e d  w i n g  a i r c r a f t  ( 2 2 )  was a p p l i e d  
t o  t h e s e  SR-6 p r o p e l l e r  models t o  d e t e r m i n e  
where t h e  boundary  l a y e r  t r a n s i t i o n s  f r o m  
1 ami n a r  t o  t u r b u l e n t  f ?  ow. 

The SR-6, 10-bladed, 40 degree  swept p r o -  
p e l l e r  was t e s t e d  i n  t h e  NASA Lew is  10-  b y  
1 0 - f o o t  w i n d  t u n n e l  t o  d e v e l o p  t h i s  p r o p e l l e r  
s u b l i m a t i o n  t e c h n i q u e .  I n  t h i s  t e s t ,  t h e  su r -  
f a c e  under  o b s e r v a t i o n  i s  c o a t e d  w i t h  a t h i n  
f i l m  o f  a v o l a t i l e  chemica l  s o l i d  ( f l u o r e n e  i n  
a s o l v e n t ) .  The t e c h n i c i a n  i n  F i g u r e  20 i s  
shown a p p l y i n g  t h e  chemica l  w i t h  a p a i n t  s p r a y e r  
w h i l e  w e a r i n g  a S c o t t  A i r  Pack t o  a v o i d  b r e a t h -  
i n g  t h e  p o t e n t i a l l y  t o x i c  fumes. When t h e  a i r  
f l o w s  o v e r  t h e  model, t h e  chemica l  s u b l i m e s  i n  
p r o p o r t i o n  t o  t h e  l o c a l  shear  s t r e s s ,  h e a t  
t r a n s f e r  and vapor  p r e s s u r e  o f  t h e  s u b l i m a t i n g  
c h e m i c a l .  Thus, when t h e  boundary  l a y e r  t r a n s -  
i t i o n s  f r o m  l a m i n a r  t o  t u r b u l e n t  f l o w  w i t h  i t s  
a t t e n d e n t  h i g h e r  shear  s t r e s s  and m i x i n g ,  t h e  
c h e m i c a l  w i l l  s u b l i m e  f r o m  t h e  s u r f a c e  where  a 
t u r b u l e n t  boundary  l a y e r  e x i s t s  b u t  s t i l l  r e m a i n  
on t h e  s u r f a c e  where t h e  l a m i n a r  boundary  l a y e r  
e x i s t s .  The r e s u l t i n g  d e m a r c a t i o n  l i n e  t e l l s  
where t h e  boundary  l a y e r  t r a n s i t i o n s .  

The chemica l  c o a t i n g  c o n s i s t e d  p r i m a r i l y  o f  
f l u o r e n e .  The f l u o r e n e  was m ixed  w i t h  t h e  s o l -  
v e n t  1.1.1 t r i c h l o r o e t h a n e  i n  a one t o  e i g h t  
r a t i o  b y  volume i n  o r d e r  t o  a p p l y  i t  w i t h  a 
p a i n t  s p r a y  gun i n  t h e  d e s i r e d  p a t t e r n .  The 
p a t t e r n  f o r  p r o p e l l e r s  r e q u i r e s  a r a d i a l  v a r y i n g  
chemica l  t h i c k n e s s  i n  p r o p o r t i o n  t o  t h e  l o c a l  
b l a d e  v e l o c i t y  so t h a t  a u n i f o r m  chemica l  c o a t -  
i n g  rema ins  a t  t h e  end o f  t h e  t e s t .  F o r  t h e  
SR-6 p r o p e l l e r  o p e r a t i n g  a t  a c l i i n b  t e s t  c o n d i -  
t i o n ,  t h e  h e l i c a l  Mach number o v e r  t h e  b l a d e  
ranged  f r o m  abou t  Mach 0.35 n e a r  t h e  hub t o  
Mach 0.84 a t  t h e  t i p .  Cor respond ing  t o  t h e s e  
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Mach numbers, a chemical coating around 0.001 
inches was applied near the hub and about a 
0.002 inch coating was applied near the tip. 

A stroboscopic picture of the SR-6, 10- 
bladed, 40 degree swept propeller during a 
chemical sublimation test in the Lewis 10- by 
10-foot wind tunnel is shown in Figure 21. The 
propeller is operating at a climb condition 
with a rotational speed of 7340 RPM, a Mach 
number of 0.35, an advance ratio of 1.41, a 
power coe$ficient of 1.59, and a blade angle of 
~ 3 / 4  = 49 . 
the end of the test after the tunnel had been 
running for about 15 minutes. The chemical 
remaining on the top two blades indicate that 
the boundary layer transitions from laminar to 
turbulent flow at about 15 percent of the pro- 
peller blade chord. This transition location 
is similar to what would be expected in flight 
on a full scale propeller with a 10 to 15 foot 
diameter. Thus, this chemical sublimation 
technique is another useful experimental tool 
for understanding propeller boundary layer 
flows. 

The photograph was taken near 

PROPELLER "PAINT FLOW" TECHNIQUE 

A performance comparison of a comparable 8- 
and 10-bladed propeller (23) is shown in Figure 22 
where net efficiency is plotted versus Mach 
number. 
ating at the 10-bladed propeller design power 
coefficient and advance ratio. 
of the 10-bladed propeller was about 3 /4  to 1 
percent higher than that of the 8-bladed model 
from Mach 0.6 to about 0.76. This higher per- 
formance would be expected due to the higher 
ideal efficiency for a blade count increase 
from 8 to 10. For the 8-bladed propeller, the 
performance loss due to compressibility effects 
began above Mach 0.7 and increased gradually 
with increasing speed. The 10-bladed propeller, 
however, showed no performance loss up to a 
speed near Mach 0.75. Beyond this speed, the 
efficiency fell rapidly with increasing Mach 
number. By Mach 0.8, the efficiency had fallen 
3 percent and was 1 / 2  percent below the 8-bladed 
model. To better understand this large 3 per- 
cent efficiency !oss, a new flow visualization 
technique, called the paint flow technique, was 
devel oped. 

The paint flow technique consists of paint- 
ing the propeller blades with a red undercoat 
and a white overcoat. Then with the propeller 
operating at the desired test condition, an 
upstream jet atomizer was turned on to produce 
a cloud of dioctyl-phthalate (DOP) particles. 
The DOP solvent then impinges on the rotating 
propeller blades and after about 30 minutes of 
testing causes the paint to flow, etching the 
surface airflow patterns into the surface o f  
the bl ades. 

The results of these paint flow tests with 
the 10-bladed propeller operating near design 
at Mach 0.8 is shown in Figure 23. The photo- 
graphs indicate a rather extensive shock on 
both the pressure and suction sides of the pro- 

These data show both propellers oper- 

The performance 

peller blade. The shock structure extends far 
from the hub region to near the blade mid- 
radius. The extensive shock structure indicates 
that hub choking was quite severe, and propa- 
gated outward over a considerable portion of 
the blade span. Thus, these photographs provide 
convincing evidence that hub choking was re- 
sponsible for tnost of the 3 percent loss in 
efficiency shown in Figure 22. 

The new computer analyses previously de- 
scribed are now being used to design propellers 
that will minimize this hub choking problem. 
Thus, this paint flow technique represents 
another useful experimental tool to improve the 
understanding of the physical phenomena occur- 
ring on these advanced propellers. 

CONCLUDING REMARKS 

Some of the 1 atest propeller analytical 
procedures and experimental techniques used in 
the NASA Lewis Propeller Research Program have 
been presented. 

The analytical curved lifting line code was 
compared with data from a new experimental tool, 
the laser velocimeter. 
comparisons indicated good qualitative agree- 
ment. Also, prediction from two lifting line 
codes were compared to propeller force and flow 
survey probe data. These comparisons showed 
reasonable agreement in terms of propeller ef- 
ficiency and power coefficient but only fair 
characterization of the propeller radial load- 
ing distribution. Thus, these new lifting line 
codes are useful as preliminary design methods 
to determine which of the potential propeller 
designs should go on to a more detailed analysis 
with the lifting surface analytical codes. 

reviewed and results were presented which showed 
it has the capability of predicting shock waves 
and the detailed inviscid features o f  the flow. 
The predicted propeller swirl angles and power 
coefficients were overpredicted because the 
analysis does not include viscous effects at 
this time. However, the radial variation of 
swirl angle downstream of the propeller was 
predicted reasonably well. Also, the variation 
of propeller power coefficient with blade angle 
was predicted very well. Analysis work is 
planned to add viscous effects to this Euler 
method. With viscous effects added to the 
analysis, the Euler propeller analysis code 
should represent a significant advance in pro- 
peller design methodology. 

for model propeller tests was recently calibra- 
ted and evaluated in the Lewis 10- by 10-foot 
wind tunnel. This new balance reduces propeller 
wind tunnel test time by one half and can accu- 
rately measure performance of two foot propeller 
models as compared to the original propeller 
force measurement system that was used at Lewis. 
This new rotating balance significantly simpli- 
fies and speeds up propeller wind tunnel testing 
with the potential of large cost savings in 
future model tests. 

In general, the data 

The Euler lifting surface code was briefly 

A new rotating thrust and torque balance 
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A l t h o u g h  t h i s  new p r o p e l l e r  b a l a n c e  p r o v i d e s  
e x c e l l e n t  q u a n t i t a t i v e  d a t a  abou t  t h e  p r o p e l l e r ' s  
pe r fo rmance  (e.g., t h r u s t  and t o r q u e ) ,  i t  canno t  
p r o v i d e  i n f o r m a t i o n  on t h e  d e t a i l e d  p r o p e l l e r  
f l o w f i e l d .  F o r  t h i s  i n f o r m a t i o n ,  s e v e r a l  f l o w  
v i s u a l i z a t i o n  methods such as t h e  f l u o r e s c e n t  
m i n i - t u f t  t e c h n i q u e ,  t h e  chemica l  s u b l i m a t i o n  
method, and t h e  p a i n t  f l o w  t e c h n i q u e  were de- 
ve loped .  Each o f  t h e s e  t e c h n i q u e s  adds a 
s p e c i a l  c a p a b i l i t y  t o  o b t a i n  q u a l i t a t i v e  f l o w -  
f i e l d  i n f o r m a t i o n  wh ich  show t h e  p h y s i c a l  phe- 
nomena o c c u r r i n g  on t h e s e  advanced p r o p e l l e r s .  
F o r  example, t h e  f l u o r e s c e n t  m i n i - t u f t  t e c h n i q u e  
can  show any  s e p a r a t e d  r e g i o n s  on t h e  p r o p e l l e r .  
The chemica l  s u b l i m a t i o n  method i d e n t i f i e s  where 
t h e  boundary  l a y e r  t r a n s i t i o n s  f r o m  l a m i n a r  t o  
t u r b u l e n t  f l o w  w h i c h  can h e l p  v e r i f y  t h a t  w i n d  
t u n n e l  d a t a  can  b e  a e r o d y n a m i c a l l y  s c a l e d  t o  
f l i g h t  c o n d i t i o n s .  And t h e  p a i n t  f l o w  t e c h n i q u e  
shows t h e  s u r f a c e  f l o w  p a t t e r n  wh ich ,  i f  an 
a b r u p t  change i n  f l o w  c o n d i t i o n s  e x i s t s ,  c o u l d  
show t h e  l o c a t i o n  o f  t h e s e  changes such as shock 
waves. Thus, a l l  of t h e s e  f l o w  v i s u a l i z a t i o n  
t e c h n i q u e s  have  accomp l i shed  a s p e c i f i c  g o a l  
and have p r o v i d e d  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  
p h y s i c a l  phenomena o c c u r r i n g  w i t h  t h e s e  advanced 
p r o p e l l e r s .  

I n  summary, t h e  e x p e r i m e n t a l  and f l o w  v i s u -  
a l i z a t i o n  methods c o n t r i b u t e  t o  t h e  improvement 
and v e r i f i c a t i o n  o f  t h e  new advanced a n a l y t i c a l  
methods t h a t  a r e  under  deve lopment .  These 
a n a l y t i c a l  methods, i n  t u r n ,  s h o u l d  g i v e  g r e a t l y  
improved c a p a b i l i t y  f o r  d e s i g n i n g  f u t u r e  ad- 
vanced p r o p e l l e r s  w i t h  enhanced pe r fo rmance  
c h a r a c t e r i s t i c s .  

SYMBOLS 

CDP 
dCp/ d ( r / R  

F PS 

J 
M 
MPS 

MO 
n 

P 
R 
R PM 

r 
T 
V O  

V t  

X 

r / R  

x / R  

Power c o e f f i c i e n t  = P / p  n3D5 
B l a d e  t i p  d iamete r ,  cm P i n . )  
E l e m e n t a l  power c o e f f i c i e n t  
Cp = d C p / d ( r / R )  d ( r / R )  
V e l o c i t y  i n  u n i t s  o f  f e e t  p e r  

second 
Advance r a t i o ,  Vo/nD 
Mach number 
V e l o c i t y  i n  u n i t s  o f  m e t e r s  p e r  

second 
F ree -s t ream Mach number 
R o t a t i o n a l  speed, r e v o l u t i o n s  p e r  

Power, KW ( f t - l b / s e c )  
B l a d e  t i p  r a d i u s ,  cm ( i n . )  
R o t a t i o n a l  speed, r e v o l u t i o n s  p e r  

Rad ius ,  cm ( i n . )  
T h r u s t ,  N ( l b f )  
F r e e - s t r e a m  v e l o c i t y ,  m/sec 

T i p  r o t a t i o n a l  v e l o c i t y ,  m/sec 

A x i a l  d i s t a n c e  f r o m  nose t o  
s p i n n e r ,  cm ( i n . )  
Non-d imens iona l  r a d i a l  l o c a t i o n  

on t h e  b l a d e ,  ( r a d i u s  r a t i o )  
Non-dimens i o n a l  a x i  a1 d i s t a n c e  

f r o m  nose o f  t h e  s p i n n e r  

second 

m i n u t e  

( f t /  sec )  

( f t /  sec )  

P r o p e l l e r  b l a d e  a n g l e  a t  
t h r e e - q u a r t e r  r a d i u s  

f33/4 

11 E f f i c i e n c y  = ( T  * Vo) P 
e R a t i o  o f  t o t a l  t e m e r a t u r e  t o  

s t a n d a r d  s e a - l e v e l  t e m p e r a t u r e  
o f  518.7'R 

PO F ree -s t ream d e n s i t y ,  kg/m3 
( s l  u g s / f t 3 )  
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F igu re  2. - Fuel savings trends of advanced turboprop a i r -  
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F i g u r e  3. - F e a t u r e s  of advanced h i g h  speed t u r b o p r o p  p r o p u l s i o n  sys- 
t e m  w h i c h  c a u s e  complex floini f i e l d s  r e q u i r i n g  advanced analys is .  
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F i g u r e  4.- Advanced a n a l y s i s  methods f o r  i r r p r o v i n g  p r o p e l l e r  per- 
f o  r m a  n ce. 
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LASER CURVED LIFTING 
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F i g u r e  7. - I n t e r b l a d e  r e s u l t a n t  ve loc i ty  c o m p a r i s o n s  between laser 
ve loc imeter  data a n d  t h e  c u r v e d  l i f i t n g  l i n e  a n a l y s i s  o n  t h e  SR-3  
p r o p e l l e r  at M a c h  0.80. 
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at  314 r a d i u s  equals  M).4°. 

ibl Power loading d i s t r i b u t i o n .  A d v a n c e  
rat io  equals  3.06. 

F i g u r e  8. - C o n p a r i s o n  of a n a l y t i c a l  a n d  
e x p e r i r e n t a l  results f o r  the SR-7 propel  
l e r  a t  f r e e  s t r e a m  h l a c h  n u m b e r  of 0.8. 



F i g u r e  9. - E u l e r  l i f t i n g  s u r f a c e  a n a l y s i s  M a c h  n u m b e r  c o n t o u r s .  SR-3 p r o p e l l e r  at M a c h  0.80, advance r a t i o  
3.06, a n d  b lade a n g l e  at t h r e e - q u a r t e r  r a d i u s  61.3. 
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F i g u r e  10. - C o w p a r i s o n  of  predic ted a n d  mea- 
sured s w i r l  anqle d o w n s t r e a m  of the SR-3 
propeller blade. A x i a l  locat ion,  0.21 d i a m -  
eters downstrean,  of the pitch c h a n g e  ax is ;  
f r e e  s t r e a r r  M a c h  n u m b e r ,  0.6; advance 
rat io ,  3.06; blade a n q l e  a t  t h r e e - q u a r t e r  
r a d i u s ,  60.5O. 
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F igure 11. -Compar ison of predicted and  measured 
power coef f ic ient  f o r  the SR-3 propeller Free stream, 
Mach number,  0.6; advance rat io, 3.06; blade angle 
at  three-quar ter  radius. 60.5'. 

1 7 EULER AlUALYSlS 
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F igure 12. - Comparison of  predicted and mea- 
sured sw i r l  angle downstream of t h e  SR-3 
propeller blade. Ax ia l  location, 0.21 diam- 
eters downstream of t he  p i tch change axis; 
free stream Mach number,  0.3; advance 
ratio. 3.06; blade angle a t  three-quar ter  
radius, 60.5'. 
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Figure 13. - Comparison of predicted and measured 
p w e r  coef f ic ient  f o r  t he  SR-3 propeller. Free stream 
Mach number,  0.8; advance rat io, 3.06. 



F igu re  14. - Cutaway view of t h e  Leri is 1000 horsepower 1746 kWI p ro  
pel ler  t e s t  r ig. 
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F igu re  15. - New ro ta t i ng  t h r u s t  torque balance used fo r  propel ler  test ing at N A S A  Lewis. 



Figure 16. - Front v i e h  of the neiv p rope lk r  rotating balance showing 
the radial spokes on \rthich the t h r u s t  and torque strdiri gauges are 
mounted. 

Figure 17 - Static torque calibration riy i n  the  ASP I e ? ~ s  10-b) 10- 
foot \:ind tunnel .  
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Figure 18. - Comparison of the o r ig ina l  propeller force mea- 
surement system w i th  the new rotat ing force balance for 
the SR-2 propeller a t  Mach 0.20 in the  NASA Lewis 10x10 
wind  tunne l .  



Figure 19. ~ Fluorescent m in i - t u f t s  on the SR-6 propeller operating at 
a c l imb condi t ion (Mach = 0.35, RPM = 5100, p3/4 - 57", Cp=2. 35 
J- 2.03). 

Figure 20. ~ Spraying the SR-6  propeller w i th  chemicals for  a sub l i -  
mation flow visual izat ion test. 



F igu re  21. - Boundary layer t rans i t i on  location on  the  SR-6  propel ler  
us ing  the chemical  subt iminat ion technique.  SR-6 propel ler  oper-  
a t ing at a c l imb  condi t ion (Mach  = 0.35, RPM = 7300. 8314 = 49’, 
C, = 1. 59, J = 1.41). 
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Figure 22. - Compar ison of 8 a n d  10 blade performance. 
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Figure 23. ~ Results f rom the paint f loh visualization technique indi 
cating the interblade shock s t ruc tu re  on the 10-bladed, 40’ wept  
propeller at Mach 0.8. 
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